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1 introduction

‘1’his report  clescribc.s  MI!SA1, a scsflware  cnvircmmcnt  for crea[ing  applica-

tions that autcnna[e  NASA mission cqma(ions.  MISA mab]cs  inklli~ent

automation by utilizing model-based reasoning techniques developed in

the field of Artificial lntelligenm Model-based reasoning techniqum are

reali7d  in Mesa through native  supporl  of causal modeling and cli.screte

evcmt  simulation,

This report  will focus on MESA as a tool for model development and

n~odcl-basecl  reasoning in problem domains specific to NASA. l’his sect ion

continues with a cli.scussicm  of the background and objectives that mo-

tivated the dcvdopment  of MISA. Section 2 dwcribes  the concepts and

terminology of cau.sa] moclcling  as implemented in MMA, Section 3 uses

an example modeling session to give a conceptua]  overview of MISA’S ar-

chitecture and user interaction paradigm. Final]y,  Section 4 summari7,es

the status of our ongoing ex])e]<il)~e]~tatio]~  with MESA in NASA problem

domains.

‘MESA stands for Modeling lhvimmncn[  for Systems Aukmaticm,
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1.1 B a c k g r o u n d

Wilhin NASA, [here arc great pressures to reduce the COS1 of mission devcl-

opnvm[ and operations while maintaining reliabililyancl  effectiveness. One

approach [hat is increasingly desired and of[cm nems.sary is to automate

monitoring  and diagnosis of spaceborne systems through the deployment

of software applications which utilize a computer-based model of these

systems. 1 Iowevcr, there are several bottlenecks associated with ongoing

automation effor[s. For example, the overhead of model development can

be prohibitively large. Also, Jmde]  design is often bound  to a specific

mission application, (Iwreby inhibiting model  reuse.

~’o lower  the development and deployment costs of a given mission, as

well as guarantee a level of correctness, the technology base for n)onitor-

ing and diagnosis should be generic rmfi easily cus[omizab]e for a specific

mission. “1’hese  comtraints  are satisfied by a modeling environment that

provides a generic model representation scheme as the foundation for a

suite of robus[ tools for monitoring and diagnosis. MISA was hilt  on the

premise that model-based reasoning techniques for monitoring and diag-

nosis can use a generic model representation as a stepping stone to focus

devc]opmc’n[  efforts on rcusab]e models  and ]ow-cost custom applications.



models in a cor))~~o~~cl)t-cc]~tercd,  object-oriented fashion [5, 1 ]. “1’ogethcr,

M)% and 1HY3E1,  form a robust tool for evaluating applications of moclel-

based reasoning. EIXE features a Llscr-l)lograllll)lal)lc  simulation protocol

which enables a wide range of application-specific model-based reasoning

strategies. HD3E1, employs the conccpls of data abstraction and inheritance

from the computw programming cliscip]inc to promote the reuse  of model

constituent definitions.

1 lowever, this tool is difficult to usc for botb developers and domain

experts since i! does not provide a comple(c modeling cnvirommmt. Specif-

ically, IHEE is not interactive; the user is required to have knowledge of the

I ,isp environment in which EIET is hosted; I?LEX does not supporl  graphical

presentation of simulation results; and finally, the tool offers no supporl  for

incremental model development,

Our objectives for syntbesiz,ing  MESA arc twofold: l~irst,  we desire an

interactive tool to assist our own effor[s in developing and verifying causal

moclc]s and in experimenting with the mode]s through simulation and

playback of historical data files. Such a tool should address the shortcom-

ings of stand-alone lil H: described above. Second, wc wish to provide our

domain experls and process cmgincwrs  with a knowledge acquisition tool to

help them express causal relationships within  and amongst the componenh
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lii~urc  1: Chnccp[ual view of MI%A.

of a physical system of int ercsf.

1.3 Architecture

MMA achieves our objec[ivcx  by integrating htH and Mm]. with a graph-

ical user  interface (C;U1)  that cmcouragcs  model development and moclel-

bascd reasoning efforts ,to be intcrlcavcxl.  ‘1’lm environment makes model-

ing and nloctel-baswl  reasoning tools available at all phases of application

clcvclopment.  in this mannm,  models and applications evolve as a consc-

qucmc of incremental changes to an initial design.

Conceptually, MFSA comprises three distinct but cooperative pieces as

shown in }~igurc 1. IHEE and IIIBEI, (rca]ly its compiler) are essm(ial]y

embedded  SIIbSyShM of MWA.

As implcmcn[cxl,  MISA ccmsis[s of two computational processes that

conmmnica  (e asynchronous] y: Chaphical  model-building tools arc pro-
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viclcct  by G?, a commercially available real-(imc expcvl syshm shell. The

G2 process also comprises a translator that parses  the contents of the G2

data structures that represent a causal Jmxiel  and writes the model to a file

as WSE1. statements. A scpara te 1.isp process executes HIEE, COJ]~pOJWJ]t

and schematic libraries are stored in the file system of the host computer.

All user interaction with MINA happms  through the CXJI provicicd  by C;2,

thereby unifying the MISA constituents under a single, consistent poin(-

and-click interface,

2 Concepts in Causal ModcIing

Causal models are an abstraction for describing the behavior of a system by

representing the physical processes occurring within the system as discrete

functions to h evaluated by the computer.

2.1 Causal  Models and Simula t ion

A causal model  characterizes a physics] system in terms of state vari-

ables and carnal influence relations amon~ the variables. in the causal

graph defined by the state. variables and influence relations, changes in any

variable may be propa~ated  to other variables through the influence rcla-
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tires. Gu.yil simulation is (Iw process of tracking chances  in variables and

propagating them to other  variables thmu@ inftucJm relations, thereby

producing a new set of changes  [5]. Implicit in the notion of causality arc

the concepts of event and causal time: IIvents comprise changm in state

variables due  to a specific influence relation and with respect to a specific

moment  in time. ‘1’lmeby,  causal time moves forward due  to delays in the

propagation of chan~cs in the causal model.

MFSA rqmxmts  cau.sa] models (at a low-level, via IHxw) in terms of

the primitives de.scribed above. MESA adopts the following terminology:

Causal  time is expressed as a monotonically increasing sequence of integer-

valued instants. liach state  variable is denoted  by a quantity of type in(eger,

float or symbo]. Hach influence relation is de.scribecl by a mechanism which

encapsulates a set of input  quantities, a set of output quantities, and transfer

and delay func[iom.  1 bring simulation, the transfer function is evaluated

with the, mechanism input  quantities to produce a value that will be prop

agated  to each of the mechanism output  quantities. ~’he delay function

is simultaneously evaluated to produce an offset from the current simula-

tion time. Vahle propagation takes place at the relative time returned  by

the delay function. l;i~nrc 2 visuali71cs mechanism evaluation. Simulation

continues until a mm-specified time limit is reached or the model reaches
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At the user level, MESA adopts a co~~~~>ol~e~~t-ce~~tcred  approach to causal

moclelin~.  ‘1’his modeling approach distinguishes the constituents of the

system being modeled as components and [he structural  connections be-

tween  them (Figure 3. A physical conqmncnf is intuitively defined as a

discrete ehment  of a physical system, For example, in the EAI’CS evap

orator loop schematic (Iiigure  4) we have identified cvl, (W and }Ig as

components. By analogy, a causal component is an entity that encapsulates

the behavior of the corresponding physical ccmlpcmcnt  as a whole.

A connection is an abstraction which characterizes the interaction path-

ways between components. A connection within a physical system enables
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l;igure 4: A simplified schematic of (hc lLA’]’CS evaporator loop.
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material flow between cmnpcmmts.  Similarly, a causal ccmnccticm allows

quantity values  to be propagated between  components.

“1’hc  co~~l~>o]~c]~t-cel~tercd  approach to causal modeling engenders nloci-

els which are isomorphic to a col]l~>o)lel]l-ccl]tered  view of the physics]

syst cm being modeled. ‘1’his rcsu] t is advantageous since domain experts

intuitively reason about systems from a cox~~]>o]~cl~t-cc]~tercd  perspective.

A model formed  by a configuration of causal components and connections

(e.g., Figure 4) maps onto the schematic configuration of tlw corresponding

physical system. MF.SA  exploits this similarit  y by presenting the outcome of

model-based reasoning in a graphical format that is familiar to the domain

experts (see Sect ion 43)0

2.3 lntemal  Representation of Chnponcnts

Components may be regarded as a convenient abstraction for partitioning

the causal graph into groups  of semantically related quantities and nlech-

anisms. Our experience with causal modeling has shown that it is useful

and often necessary to subdivide the quantities into Sroups  that represent

the sources and sinks of the physical processes modeled by mechanisms.
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};igure 5: lntcrnal  reprcsmtaficm  and configuration of a component,

A locale is an abstraction for grouping  quantities within  a CCmqJOnent.2

}/or example, a pipe component could br modeled with separate locales

for fluid flow at its inlet and o~ltlct.  in this fashion, locales serve as an

isomorphism  for locations of activity on a physical component.

Figure 5 visualizes tlmintemal  representation of componcmts  in MESANote

that mechanisms are not grouped with  respect to a locale. Also, conncdions

in MFSA are realized  at the locales of the component being connected.

3 User Processes and the GUI

‘1’his section de[ails the mode and manner  in which the user interacts with

MESA, We begin with a brief dmcription  of the concepts in the GUI. “1’he

?};LIII ~;l~l~l, syntax al]Ows locales to be nested within onc another, tkmby cmatinfi a t~’c
of Iocalcs. I;acll succcssivclcvcl in the t we clcnotcs  a smaller partitioning of the quantities on
(1IC ccmlponcmt. Conversely, the Mmlfwment  itself is consicimd  to k an all-c[lcol]l})assi~]g
locale that forms the ml of the locale tree,



remainder of this scc[ion uses a ruminc  example to illustrate the processes

that inform mode] development Our example, a vcmtu]-i compomm~,  is

drawn from our diagnosis application for liA~’CS.

3.1 Co]mp[s  in the GUI

All of the MINA user interfaces arc hill  using G2’s CH_Jll)E/LJII.  (Graphical

User ]nterface IImwlopment  Hnvironmmt  /LJser ]nterface 1.ibrary)  which

is patterned after the Motif/X Widows paradigm ‘1’lw entry point into the

MF3A GUI is a control pane]  called  the WOJM)CJdI (Figure 6). Workbench

contains several buttons which am used  consistently across the C;lJ1. A

button labeled with the letler “X” dismisses the control panel on which i[

is located. A button  labeled  with a question mark “?” pops up a dialog of

helpfu]  information about the interface on which it is located. ‘1’he buttons

labeled with an arrow serve to navigate among the various control panels

of the interface. Most control panels have a parent button  (up-arrow) to

switch to the parent control panel. Since the Workbench is MESA’S top-levrl

control pane], it has no parent button. ‘1’lw down-arrow buttons are used

to pop up dialog  boxes ill which the user is prompted for information or a

choice of actions.

One unique feature of the G2 GUI is the concept of workspace. A
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Higurc 6: VVorkbcnch  is [he [op-kwl  control  panel through which all nmcl-
cling  and nloclcl-based. reasoning tools can be acmscd.

workspace is a rectangular area on the computer .screm that serves to

display and organi7.e  information in the form of icons. Each icon rep-

rfxenls  an objcc[ in llw application hos(ed

dirwt-nlalli~>lllatioll  interface for accessing

%bworlc$paccs  may be stored on an icon,

create an hierarchy of workspaces.

3.2 User l’roccsscs

by C;2. icons also provide a

the attributes  of each objcd.

thereby allowing the user [0

MTSA addresses the development of models and applications with three

user processes: mod e] design, model  assembl  y and nlodcl-based reasoning.
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3.2.1 Mode] I]&~n

Model  design is the process of ascertaining how physical components are

to be modeled  as causal cm]lponents.  ];irst, the system of intms[ must be

par~i(icmccl into ccnnpmwnts. ‘1’hen, for each component, the appropriate

component class must  h selected from MFi$A’s Componcml  l,ihrary  or it

musl be created from scratch wifh the Clmlpmenl Tim]

C3asscs  in MESA act as templates from which a]i infinite number of

component instances may be creatccl. Every component class contains a set

of specifications for realizing component inslances  recursively as instances

of locales. Additionally, every component class inq>lemcnts  a graphical

icon that is used  to represent component instances in the CIJ1.

I.et us consider a top-down design for the vcm~urj  component from

the EATCS evaporator loop model. ‘1’he user initiates the design process by

select ing the Compomm ( 7&-d from t he Workbench cent rol panel (Iiigure 6).

This

user

ac[ion pops up the control panel for the chosen tool (}ii~ure  7). ‘1’hc

must enter  a name  for the component in the text field. CYickin~  in

the button labeled with a “C” instructs MIL$A to add the named componcmt

class to the component library and thm pops up a new worhpace for the

class.

14
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and d(ag its clono  to ho componont  library.
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Vigum 7: ‘l”hc Component  ‘ltml control paml.

At this point, MESA .shifls (Iw user’s attention to the workspace associ-

ated with the component class. I’his worlcspacc  is used to slorc the intcrna]

representation of classes in MFSA. in l;igurc  8, the (WO triangle-s] lapecl

icons arc CT2 object cicfinitions  (classes). VENTURI - COMPONKNI’  imp]c-

mcnts  the behavior of the componcn( as a set of specifications for quanti-

{kS and mechanisms. VEN’1’URJ  - SCIHI:MA implcmcnls  a llscr-c~ls(oxllizal~lc

icon that is usccl to graphically display instances of a venturi in causal

modc]s. MESA automatically gcncratcs the names of these classes from

the name mtcred  by the user  when the componm[  was crcaled.  lnitial]y,

only the VENIIUR1  - COMPONENT and VF:N’3’UR1 - SCHEMA  icons are present

on the vcmf_.uri component workspace, and the SC( of specifications in

VEN’1’U}KI  - COMPONEN’1’  is emply.

‘lbp-down design  continues by adclin~  the necessary locale specifica-

tions to the venturi component workspace. 1 ,ocale specifications are
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lligure 8: 3’lw, venturi  component workspace stores class clefinitions  and
locale spccificaticms.
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inlplcmwn[ed  as instances of locale-spec classes and represcnkd  graphic-

ally with a “crossed-square” icon (}1’i~L]rc  8). Again, the user is faced with

the choice  of selecting a predefinecl  locale from MFSA’S l.ocak  I,ibrary or

defining one from scratch. ‘] ’he l.ocak  Library maybe accessed directly by

clicking on the Add Locak button on the venturi component workspace.

l’his action pops up a scrolling list from which the user  may make a single

selection. IJocale qhol (accessible from the Workbench) provides a locale

definition interface that parallels  the component definition interface pro-

vided by Ccm]ponenf  Tool. A new workspace is created by MWA for each

new  locale  class created by the user. 3’lw worhpace  is initial]y empty, save

for h h! AMMONI  A- I tOCAI ,E and AMMONIA-SCHEMA class icons. For ex-

ample,  Fisure  9 shows the workspace associated with the arnnioni a locale

class. Anmoni a locales arc specified as llw i n 1 et.  and out 1 et (or source

and sink) of [he vmt,u r i component.

Top-down design proceeds with the addition of quantity specifications

to the ammoni a locale workspace. 1 lowever, MIL$A does not provide a tool

for defining new quantity classes. “1’he set of quantity classes (types) is

restricted by the set of variable types  that Erm; can handle. Accord in#y,

the user  interface for quan[ity  specifications simply enumerates the static

set of variable types. ‘1’hc Add Quanfify button on the anmoni a locale

17
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l;igurc 9: ‘.l’he anunonj  a locale  workspace stores quantity  specifications.

Namo of tho quantity to include:

Valuo  typo: ~ intogor
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+ floating point

Figure 10: Quantities are restricted to three value types-integer, symbol
and floating point.

worhpace  popsup  the dialogue shown in l;igllrc 10. ‘1’he user merely enters

a l~amc  and chooses the appropriate type to define a quantity specification

to be stored  oil the locale worhpacc.  The Add  Parameler but[on pops up

the same dialogue; a parameter in MESA is a quan[i[y  whose value never

changes (i.e., it is a mot node in the causal graph).

Let us move forward in our discussion to the point at which  the user

18



has defined  all of the locales and quanli[ies  necessary to a given compo-

nent. All that remains to complete  the model  design for the component is

(0 define  a set of mechanisms that mirror the behavior of the physical com-

ponent at some level of abstraction, The vent-u ri component workspace

has a subworkq>acc for describing causal model of the ven~urj  coJnpo-

nent in term.. of primitive quantities and mechanisms (Figure 11). This

subwork~pace  is accessible through a navigation button  on the vcm~ur-i

component worhpacc.  Quantities arc graphically represented by circular

icons with ccmnection  stubs on the left and right. Mechanism arc repre-

sented by similar icons labeled with the letter “M,”

Mechanisms are a&ted  to the causal subworkspace  by clicking on the

Add Mechanism button.  ‘Ilis action instructs MESA to prompt  the user for

a mechanism name and to create a new mechanism with that name on the

cau.sa]  subworlcspace.  3“1w user may then draw with the mouse a link from

the right stub of a quantity icon to the left stub of a mechanism icon, tlvxeby

defining the quantity as an input to the mechanism. (hl[put  quantities are

defined by joining the left stub of a quantity icon with the righ[ SILIb of a

mechanism icon.

Mechanism definition is completed by coding the underlying transfer

and delay  func[ions of the mechanism. Currently, MESA requires these

19
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functions to be writ (en as I ,isp expressions.3 ‘l”hc names of the nwchanism

input quantities may appear  as free variable references in a transfer ordclay

expression. When an expression is evaluated during carnal simulation,

all such references are bound (within the lexical scope of the expression)

to the current value of the quantity named  by the reference. ~’lw single

value computed by the expression is then pro}iagatecl to the outputs of the

mechanism by the simulator.

3.2.2 Model Assembly

Model  assembly is the process of creating instances of components from

the appropriate class definition. In contrast to the design process, model

assembly is exceedingly simple. Component icons are utili7ed  as a direct-

manipulation interface to the model assembly process. icons may be du-

plicated and moved with the mouse, Connections are established by using

the mouse to draw a link between two component icons on a schematic.

I;i~ure 4 shows a simplified schematic of the evaporator loop of the

liA’1’CS  application. Each component on this .schcmatic  was created by

instantiating a component from the library using the dialog box accessible

3~t,iq q~,i~**\cnt  is acllla]ly ilnpscd  by the syntax of }!lX+II1, and the irnplcrmmtation

of E[EW as a lisp application program. in future versions of MISA, we hop to provide a
graphical mctlmcl for specifying mmponcnt  behavior.
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Pigure  12: A list of components available in the library.

via the Add component bu[(on cm the  schematic (~i~ll?e 12).

4 Status

MFSA is an ongoing effort al ]1’1,. “I”he environment de.scribecl in this re-

porl is in use for several projcc[s af J1’1, and for the 1M3’CS application at

Mcl>onmll  Dou#as  Aerospace. ‘1’hc three  user processes of MESA are at

various stages of dcvclopmen[ and arc di.scusswl  scpara[ely.



4.1 Moclcl  design

.

Model  design involves defining compcmcm(s  in terms of locales, quantities

and mcchanisnw. ‘ll]is work occurs  en(ire]y within G2 and relics exten-

sively cm its user interfam “J’wo factors affect the development of these

user interfaces: the flexibility of C;2 in its ability to support complex user

intcraclicms, and the human factors  involved in organi7,ing  [he locales and

components appropriately according to domains, applications, or other

criteria.

Human factors are the main driving force in the design of the user

interface for model  design. With the use  of MWA at J]’], and McIlonnell

I>ouglas,  we expect to gain sufficient experience to provide users  with

adequate tools for organizing model libraries.

4.2 Model assembly

Model assembly involves two phases: modeling (i.e., sclccling component

classes from the MFSA library according to the co]~~~>o~~el~t-cel~[cred  view of

the physical system  being  modeled) and im[antiation  (i.e., implementing

the causal model of the .sam physical system for model-based reasoning).

‘1’he latter phase is relatively stable, but there arc several open  issues  in the

2.3



nwleling  phase.

]’hysic.al systmn nmieling  is sinlilar 10 nmdcl design and sinlilar  hunlan

factor issues also affect the user interface. };or cxanqdc, several versions

of physical systen~s can be n)odeled.  l’hat is, causal n~oclels  n~a y conq~risc

different conlponent  nlodels according to tlie level of granularity desired

by the user. Also, physical systen~s n~a y be cxmbined in related units by

function, location, or other criteria. Pinally, several versions of a nmlel

n~ay  have to be tracked as the design of the con~ponents  or construction of

the physical systenw evolves fronl an initial design.

4.3 Model-based reasoning

The li[EE sinw]ator  is the basic n~oclel-based reasoning tool used in MESA.

The ED% sinmlation  protocol and the availability of the cawal  nlodel in

MEE and MESA provide adequate flexibility to inq~len~ent  various n~odel-

based reasoning techniques. 3’WO such techniques, sensitivity and ca.scading-

alarn~ analysis, have already been developed as extensions of the Etx}; sin~-

ulator  for the SEI ,MON project. Currently, a diagnosis n~oclu]e and a causal

feedback sinudation  controller are under developnwnt  for the IIA’I’CS ap-

plication in MESA.
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4.3.1 Diagnosis

l’arl of the original n~olivation  for MWA was to provide a platforn~ to host

a dol~~ail~-il~dc~>cl~del~t  diagnosis engine for several applications at )] ’1,

and McDonnell I]ouglas.  For cxanqie,  dia~nosis  results can be present  cd

at the struc[ura] (col)]F>ollellt  /co~~llec[ioll)  level or the behavioral (quan-

tity/l~~ecl~al~isl~~)  lCVC1 according to the user’s preference. Purt}wrnlorc, by

integrating several n~odel-based  reasoning tools within the .sanw environ-

nwnt, it is possible to experinwnt with the inlpact of various conlbina t ions

of such tools. For exanq)le, the nlodc] developer can try di ffcrcnt sensor

placanents  while at the .san~e tinw stress the diagnosis engine by injectin$

faults in the xnocle]. Sensor placen~ent and fault n~odeling  arc not part of

the diagnosis engine; rather, they help in evaluating the diagnosis engine.

4.3.2 Causal feedback

With large physical systen~s and numerous types of components involved,

it is possible that the causal n~odel of a physical system will have feedback

loops. Various techniques,such  as causal ordering [3] orpredic[ion  of initial

and final response [4] and behavioral abst raclion [6] have been proposed as

solutions. in ME$A the causal n~oclel  is auton~atically  analyz,ed to detect all
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possible causal loops. MFSA presents the results of this analysis to the user;

who n~ay  then choose a specific feedback analysis technique to be applied,
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